a database of model parameters has been prepared. The Modified Quasichemical Model was employed for the molten oxide phase. The thermodynamic modeling predicts the existence of a liquid oxide Al 2 O 3 -Ti 2 O 3 -TiO 2 phase at secondary steelmaking conditions. The database was used to calculate the inclusion diagram for Al-Ti deoxidation at 1 600°C.
Introduction
The Fe-Al-Ti-O inclusion diagram has been investigated [1] [2] [3] [4] with a view to understanding the formation of oxide inclusions and nozzle clogging for Ti-bearing Alkilled steels. However, discrepancies still remain. RubyMeyer et al. 1) presented an inclusion diagram for AlϩTi complex deoxidation of Fe-0.1%Mn-0.03%Si-Al-Ti-O steel at 1 580°C. 5) a liquid oxide phase could not exist at 1 600°C. Recently, Matsuura et al. 3) and Kim et al. 4) also calculated the inclusion diagram at 1 600°C. Nevertheless, the existence of a liquid oxide inclusion phase in the Fe-Al-Ti-O inclusion diagram has remained an open question, mainly due to lack of phase equilibrium data for the Al-Ti-O (Al 2 O 3 -Ti 2 O 3 -TiO 2 ) system, especially at low oxygen partial pressures.
The phase diagram of the Al-Ti-O system has been partially investigated. Since Ti has more than one stable valence state, the phase equilibria are dependent on oxygen partial pressure. Although the phase diagram under oxidizing conditions is relatively well known, 5) the diagram under reducing conditions has not been well investigated.
In the present study, thermodynamic modeling of the Al 2 O 3 -Ti 2 O 3 -TiO 2 system is performed based on all the available limited experimental data, and the resultant model is used to calculate phase equilibria for the Al 2 O 3 -Ti 2 O 3 -TiO 2 system at various oxygen partial pressures. A revised inclusion diagram for Ti-bearing and Al-killed steels is proposed.
All thermodynamic calculations in the present study were performed using the FactSage thermochemical software. 6) 
Thermodynamic Modeling of the Al 2 O 3 -Ti 2 O 3 -TiO 2 System
The following phases have been observed in the Al 2 and Ti 3ϩ ions are distributed as independent particles in the liquid solution, not as ion pairs.) The following short-range ordering quasichemical reactions are taken into account: , and (A-B) represents a second-nearest-neighbor A-B pair. The Gibbs energies of this reaction Dg AB are the model parameters, which can be expanded as empirical functions of composition. The Gibbs energies and all second-nearest-neighbor "coordination numbers" of the three liquid components used in the model are the same as in previous studies. 11, 12) The corundum phase is an Al 2 O 3 -rich solid solution, with a trigonal structure based on the hcp oxygen-packing scheme which dissolves a small amount of Ti 2 O 3 . The ilmenite phase is a Ti 2 O 3 -rich solid solution, with a hexagonal structure, which dissolves a limited amount of Al 2 O 3 . In the absence of any experimental data, it is assumed that TiO 2 is stable only to a negligible extent in both phases.
The molar Gibbs energies of the corundum and ilmenite phases are modeled as ideal ionic substitutional Henrian solutions by the following expressions: 12) in order to reproduce the experimental solubility data over a wide range of temperatures. The thermodynamic model of Kang et al. 12) is adopted in the present study with no modification.
D. Stoichiometric Compounds
The Gibbs energy functions of several Magnéli phases (Ti n O 2nϪ1 , nՆ4) and Ti 3 O 5 are taken from the previous studies 11, 12) with no modification. The Gibbs energies of Al 2 TiO 5 (tialite) and Al 4 TiO 8 are evaluated in the present study. In the absence of any experimental evidence to the contrary, all of these phases are assumed to be stoichiometric compounds. 11) Recently, Kang et al. 12) reoptimized the model parameters of the liquid oxide and rutile phases in order to reproduce the phase diagram more accurately. The details of the thermodynamic modeling and model parameters can be found in the previous study.
Critical Evaluation and Optimization of the
12) Iso-oxygen partial pressure lines in the liquid phase are also calculated and plotted in Fig. 1 . As can be seen, the equilibrium amounts of Ti 2 O 3 and TiO 2 in the liquid phase vary significantly with oxygen partial pressure and temperature. Figure 2 shows the calculated optimized phase diagram of the Al 2 O 3 -TiO 2 system in air. The diagram was first studied by von Wartenberg and Reusch 14) and by Bunting.
Al 2 O 3 -TiO 2 Binary System
15)
The former gave the intermediate compound as Al 2 Ti 2 O 7 , while the latter reported Al 2 TiO 5 (tialite). The phase relationships reported by Land et al. 16) from visual techniques combined with petrographic and X-ray studies suggest that tialite melts congruently at 1 863°C, but due to the extreme experimental conditions of high temperature and high melt viscosity, the possibility of incongruent melting could not be ruled out. They also reported a transformation temperature of tialite at 1 823°C; this finding is in doubt according to the later study by Azimov et al. 17) The solid solubility of TiO 2 in Al 2 O 3 was reported 18) as 0.6 mol%, while no solubility of Al 2 O 3 in TiO 2 was detected. In the present evaluation, no solid solubilities were considered in either terminal solid solution. Goldberg, 18) in a more recent study, reported a congruent melting point of tialite of 1 850°C and a eutectic at 1 703°C and 80 mol% TiO 2 from quenching and optical microscopic analysis. Lejus et al. 19) found two new compounds with compositions between 33 and 40 mol% TiO 2 which are stable in the approximate temperature range between 1 800°and 1 900°C. In the present study these two compounds were both approximated by the single compound Al 4 TiO 8 . Kato et al. 20) found that Al 2 TiO 5 decomposes to Al 2 O 3 and TiO 2 below 1 280°C. Woermann 21) performed a similar study and reported the decomposition temperature as 1 264°C. In the present evaluation the more recent value by Woermann is adopted.
The low temperature heat capacity of Al 2 TiO 5 from 52 to 298 K was measured by King 22) and the entropy at 298.15 K was calculated as 109.6Ϯ0.8 J/mol-K. Bonnickson 23) measured the high temperature heat content of Al 2 TiO 5 from 411 to 1 803 K. Due to the dissociation of Al 2 TiO 5 at around 1 200-1 300°C, both King and Bonnickson took special care in the preparation of samples. These experimental data were re-evaluated and compiled by Robie et al. 24) and Berman and Brown. 25, 26) No experiments to determine the standard enthalpy of formation, DH°2 98 , of Al 2 TiO 5 have been performed. Kubaschewski 27) provided a rough estimation of the enthalpy of formation of Al 2 TiO 5 from its oxides (Al 2 O 3 and TiO 2 ) at 298 K as Ϫ8.4Ϯ8.4 kJ/mol but gave no detailed explanation. These results were also tabulated later by Kubaschewski and Alcock. 28) Combining this estimated enthalpy of formation with the entropy reported by King 22) yields a negative Gibbs energy of formation of Al 2 TiO 5 from the pure oxides at 298 K of Ϫ10.7 kJ/mol, which is inconsistent with the reported 20, 21) decomposition of Al 2 TiO 5 below about 1 250°C.
In the present study, C p of Al 2 TiO 5 is taken with no modification from the compilation of Berman and Brown, 25, 26) which is based on the experimental data of Bonnickson.
23)
DH°2 98 and S°2 98 were then chosen in order to reproduce the phase diagram. The optimized value of S°2 98 differs from that reported by King 22) by 18.8 J/mol-K, which is well outside the stated uncertainty. It was not possible to reproduce the reported entropy in the optimization simultaneously with all the other data, in particular with the melting and decomposition temperatures of Al 2 TiO 5 , while still retaining reasonable thermodynamic properties for the liquid phase. The value of King is most likely that of the low-temperature metastable ordered phase, while the present optimized value applies to the high-temperature disordered phase.
For Al 4 TiO 8 , C p was predicted by the method of Berman and Brown 25, 26) while DH°2 98 and S°2 98 were obtained from the phase diagram analysis in order to give a stability range between 1 800 and 1 900°C. In order to reproduce the reported liquidus and eutectic temperatures, small positive model parameters for the binary Al 2 O 3 -TiO 2 liquid phase were required as shown in Table 1 .
Al 2 O 3 -Ti 2 O 3 Binary System
The calculated optimized phase diagram is shown in Fig.  3 (TiO 2 ) contents of the liquid phase with oxygen partial pressure. Thus, strictly speaking, this system is a pseudo-binary system.
The quasichemical model parameters for the liquid AlO 1.5 -TiO 1.5 solutions were assumed to be the same as the parameters for the liquid in the AlO 1.5 -TiO 2 system. With this assumption, the liquidus data are reproduced within experimental error limits. Although the model parameters for the liquid AlO 1.5 -TiO 1.5 phase might be slightly adjusted to reproduce the experimental data even more closely, this was judged not to be justified by the experimental accuracy. rameters using an asymmetric "Toop-like" approximation 13) with TiO 2 as the asymmetric component. No ternary solid phases have been reported. According to the present thermodynamic prediction, the minimum ternary eutectic temperature is calculated to be 1 496°C at the (molar) composition 0.23Al 2 O 3 -0.23Ti 2 O 3 -0.54TiO 2 .
Depending on the oxygen partial pressure, the relative amounts of Ti 2 O 3 and TiO 2 in the liquid phase as well as the sub-solidus equilibria can be changed significantly. Predicted phase diagrams for the Al 2 O 3 -Ti 2 O 3 -TiO 2 system at different oxygen partial pressures are presented in Fig. 5 Ϫ15 bar, oxides can be reduced to a metallic phase above 1 900°C. Figure 6 shows the predicted phase diagram of the Al 2 O 3 -Ti 2 O 3 -TiO 2 system at 1 600°C, of great importance for steelmaking. Although the phase diagrams of Al 2 O 3 -TiO 2 in air (Fig. 2) and Al 2 O 3 -Ti 2 O 3 at P O 2 ϭ10 Ϫ15 bar (Fig.  3) show no liquid phase at 1 600°C, the thermodynamic modeling predicts that a liquid Al 2 O 3 -Ti 2 O 3 -TiO 2 phase can exist over a considerable region of the ternary diagram at 1 600°C and even over a small composition region at 1 500°C. Iso-oxygen partial pressure lines are also plotted on Fig. 6 . The oxygen partial pressure for the two-phase equilibrium 'liquid Feϩliquid Fe t O' at 1 600°C is about 5.0ϫ10 Ϫ9 bar. In normal Al deoxidized steel at 1 600°C, the oxygen partial pressure can decrease to 5.0ϫ10
Ϫ15 bar (when the Al content, [Al] , is about 500 wt ppm).
Unfortunately, phase equilibria in the Al 2 O 3 -Ti 2 O 3 -TiO 2 system have not been investigated at the oxygen partial pressures of interest in steelmaking at 1 600°C. Although no direct phase equilibrium information is available, several indirect research results strongly suggest the existence of a liquid Al 2 O 3 -Ti 2 O 3 -TiO 2 phase at 1 600°C at low oxygen partial pressures. Ruby-Meyer et al. 1) reported liquid Al 2 O 3 -TiO 2 (more correctly, Al 2 O 3 -Ti 2 O 3 -TiO 2 ) inclusions in molten steel containing 0.1%Mn-0.03%Si-Al-Ti at 1 580°C. (Thermodynamic calculations using FactSage 6) show that neither Mn nor Si form oxide inclusions under their experimental conditions). Park et al. 34) also observed Al-Ti-O inclusions during reoxidation experiments on Alkilled and Ti-bearing steel at 1 600°C. In their study, twolayered inclusions of an unknown Al-Ti-O phase covering a core Al 2 O 3 solid were frequently observed. The EPMA analysis for the Al-Ti-O phase showed molar ratios Ti/Al of the phase of between 1.0 and 1.5. In addition, the surface shape of the phases was not faceted but spherical, which is typical of a liquid phase. Very recently, Doo et al. 35) also reported similar two-layered inclusions in Al-killed and Tibearing steel sampled in the RH process at 1 600°C. The analyzed value of the molar ratio Ti/Al for the spherical Al-Ti-O phase was about 1.6. These experimental results support the contention that a liquid Al-Ti-O phase exists at 1 600°C with a molar ratio Ti/Alϭ1.0-1.6 when in equilibrium with Al 2 O 3 . This composition is close to the predicted liquid composition at Al 2 O 3 saturation at 1 600°C in Fig. 6 .
Application to Al-Ti Deoxidation in Secondary Steelmaking Process
As mentioned earlier, there are discrepancies in the Fe-Al-Ti-O inclusion diagram due to the lack of phase equilibrium data for the Al-Ti-O system. Based on the present optimization results of the Al-Ti-O oxide system, the inclusion diagram was recalculated. In order to construct the Fe-Al-Ti-O inclusion diagram, both oxide and liquid steel databases containing all the elements are necessary.
For the oxide database, the present model parameters for the Al-Ti-O system were combined with the previously optimized parameters for the Fe- 38) was used. In the associate model, the interactions of strong deoxidants M (such as MϭAl, Ti, Ca, Mg, …) with dissolved oxygen are modeled by explicitly considering the formation of M*O associates or "molecules" in solution. This model has been shown to have very good predictive capability over wide ranges of temperature and composition. corundum phase. The somewhat unusual shape of the ilmenite stability region is due to this solubility of Al 2 O 3 .
As can be seen in Fig. 7 Many researchers [39] [40] [41] [42] have reported that nozzle clogging is more severe in the case of Ti-bearing Al-killed steel than Ti-free steel. Al-Ti-O inclusions are frequently observed in clogged nozzles for Ti-bearing Al-killed steel. [40] [41] [42] However, the nature of this Al-Ti-O phase which causes nozzle clogging has not been well investigated. Recently, Basu et al. 42) investigated various aspects of secondary steelmaking causing nozzle clogging for Ti-bearing Al-killed steels. According to their study, the significant difference between nozzle clogging of Ti-bearing steel and Ti-free steel is the existence of Al-Ti-O inclusions covering solid Al 2 O 3 . They reported that the nozzle clogging for Ti-bearing Al-killed steel is strongly related to the reoxidation of molten steel in the tundish. Park et al. 34) reported that a two-layered inclusion of the Al-Ti-O phase with core Al 2 O 3 , which is identical to the inclusion causing the nozzle clogging, 42) was frequently generated by the reoxidation of Ti-bearing and Alkilled molten steel by high-SiO 2 tundish slags. Thus, according to the present study, this Al-Ti-O phase which causes the nozzle clogging is most probably a liquid oxide phase saturated with core solid Al 2 O 3 oxide.
In order to understand nozzle clogging as well as the inclusions in Ti-bearing and Al-killed steel more completely, it will be necessary to investigate thermodynamic properties such as the phase diagram of the Al-Ti-O system (Al 2 O 3 -Ti 2 O 3 -TiO 2 ) under various oxygen partial pressures as well as the wetting behavior of the liquid Al 2 O 3 -Ti 2 O 3 -TiO 2 phase with refractories and molten steel.
Summary
A critical evaluation and optimization of all available phase diagram and thermodynamic data for the Al 2 O 3 -Ti 2 O 3 -TiO 2 system has been made, and a database of model parameters has been prepared. Based on the thermodynamic modeling, the ternary phase equilibria of the 
